Preterm birth represents the most significant problem in maternal-child health. The ongoing search to elucidate its underlying causes and pathophysiological mechanisms has identified maternal stress as a variable of interest. Based on emerging models of causation of complex common disorders, we suggest that the effects of maternal stress on risk of preterm birth may, for the most part, vary as a function of context. In this paper we focus on select key issues and questions that highlight the need to develop a better understanding of which particular subgroups of pregnant women, under what circumstances, and at which stage(s) of gestation, may be especially vulnerable to the potentially detrimental effects of maternal stress. Our discussion addresses issues related to the characterization and assessment of maternal stress and candidate biological (maternal-placental-fetal endocrine, immune, vascular and genetic) mechanisms. We propose the adoption of newer approaches (ecological momentary assessment) and a life-course perspective to further our understanding of the contribution of maternal stress to preterm birth.
Introduction
Preterm birth represents the most significant problem in maternal-child health in the United States. It is the leading cause of infant mortality and morbidity; its prevalence in our population is unacceptably high and has not decreased over the last 40 years; and its etiology is unknown in a substantial proportion of cases. 1 The ongoing search to better elucidate its underlying causes and pathophysiological mechanisms has identified maternal stress as a variable of interest. The question of the role of stress in preterm birth is, however, complex and challenging for many reasons. First, the basic physiological and pathophysiological mechanisms that underlie the timing of onset of human parturition and preterm birth, respectively, are not yet well understood. Second, the study of stress processes in pregnancy is complicated by the effects that pregnancy-related alterations in maternal physiology produce on central and peripheral systems implicated in the experience of and psychobiological responses to stress. This paper does not purport to comprehensively discuss all the available findings on maternal stress and preterm birth; several reviews and perspectives on this topic have been published and are available elsewhere. [2] [3] [4] [5] [6] [7] [8] [9] Instead, we focus here on select key issues and questions that we submit warrant further consideration and discussion.
Rationale for considering a role for maternal stress in preterm birth
The rationale for considering a role for stress in preterm birth derives, in part, from concepts in evolutionary biology and developmental plasticity. The mother and her developing fetus both play an obligatory, active role in the process of human parturition. The length of gestation and timing of onset of mammalian parturition represents a phenotype that emerges as a consequence of the culmination of intrauterine development. Development is a plastic process, wherein a range of different phenotypes can be expressed from a given genotype (contained within the fertilized zygote). The unfolding of all developmental processes across the multi-contoured landscape from genotype to phenotype is context-dependent, wherein the developing embryo/fetus responds to, or is acted upon by, conditions in the internal or external environment. Based on the consideration that key environmental conditions that have shaped evolutionary selection and developmental plasticity include not only variation in energy substrate availability (i.e., nutrition) but also challenges that have the potential to impact the structural or functional integrity and survival of the organism (i.e., stress), it is likely and plausible that prenatal stress represents an important aspect of the intrauterine environment that would be expected to influence many, if not all, developmental outcomes. 10 There is, in fact, some evidence that preterm birth may be a maternal adaptation to limit the energetic costs of a pregnancy in the face of adverse conditions, or a fetal adaptation to an unfavorable intrauterine environment when other facultative measures have been unsuccessful. 11 Moreover, we submit the application of a prenatal stress and stress biology framework offers an excellent model system for the study of intrauterine development and associated developmental, birth and subsequent health-related phenotypes because it is increasingly apparent that the developing fetus acquires and incorporates information about the nature of its environment in part via the same biological systems that in an already-developed individual mediate adaptation and central and peripheral responses to endogenous and exogenous stress (e.g., the maternal-placental-fetal neuroendocrine and immune systems 12 ).
From the perspective of the maternal compartment, another compelling rationale for considering a role for maternal stress as a contributor to preterm birth derives from the effort to elucidate and better understand the underlying reason(s) for the well-documented, persistent and large socioeconomic and racial/ethnic disparities in the population distribution of preterm birth. Many of the factors that disproportionally affect socially disadvantaged individuals, such as prenatal care, diet/nutrition, and health-related behaviors, have been shown to play a limited role in accounting for these disparities. [13] [14] [15] [16] The search for alternate explanations has led to the hypothesis that high levels of maternal stress may, in part, independently, or in combination with other factors, explain these disparities, because the experience of social disadvantage and minority racial/ethnic status is characterized by higher levels of psychosocial stress and lack of resources, and because stress and stress-related biological processes have been implicated in a wide array of adverse reproductive and other health outcomes. 13, 17 
Psychosocial stress and preterm birth: a brief overview
The belief that a mother's emotional or psychological state during pregnancy may influence the development of her fetus has existed since ancient times across all cultures. Empirical studies examining the effects of prenatal psychosocial stress first appeared in the literature in the mid 1950s. Much of the earlier work in this area was, however, limited by major conceptual and methodological problems. Over the last two decades or so, larger, betterdesigned studies have begun to present a somewhat more consistent set of findings. A rapidly growing body of empirical evidence, based on these prospective, population-based studies in pregnant women of different socio-demographic, racial/ethnic and national backgrounds, now provides support for the premise that women experiencing high levels of psychosocial stress during pregnancy are at significantly increased risk for shortened gestation and preterm delivery, even after accounting for the effects of other established socio-demographic, biophysical, biomedical, and behavioral risk factors. 2, 4, 6, 9, [18] [19] [20] Although the tremendous heterogeneity in study designs, study populations, methodology and measures makes comparisons of effect size difficult to interpret across studies, it appears that pregnant women reporting "high" levels of psychosocial stress are, on average, at approximately 25-60% increased risk for preterm birth compared to women reporting "low" levels of stress.
Based on these findings, several researchers and public health experts are now increasingly highlighting the need for a new, integrative research and clinical practice agenda, with an emphasis on biopsychosocial processes, including the impact of maternal stress, to address the problem of preterm birth. 21, 22 In fact, recent guidelines for obstetric practice issued by the American College of Obstetricians and Gynecologists recommend performing psychosocial screening at least once during each trimester of pregnancy. 21 However, before specific clinical guidelines and interventions can be developed for primary, secondary and tertiary prevention we suggest there are some critical issues that warrant further consideration, discussed below.
Issues and Questions
At the population level it appears that maternal stress represents a significant risk factor for shortened gestation and increased risk of preterm birth, and that the magnitude of the effect size may be similar to that of many other established socio-demographic, obstetric and behavioral risk factors. However, it also is clear that in any individual pregnancy the specificity and sensitivity of maternal stress as a predictor of adverse birth outcomes is, at best, modest. Some but certainly not all women who experience high levels of stress during pregnancy proceed to deliver preterm, and the challenge of identifying which particular women (or subgroups of women), in what circumstances (context), and at which stage(s) of gestation, are particularly susceptible to the potentially detrimental effects of prenatal stress has yet to be satisfactorily addressed. We suggest it is critical to address these issues before the present research findings can be translated into a public health and clinical framework. Many of these issues have been previously discussed; we attempt here to highlight and expand on some specific aspects related to study design and methodology, stressor-specificity, outcome-specificity, the nature of the relationship, potential interactions with other individual-level or contextual-level factors, and critical periods of susceptibility.
Study design and methodology
The same study design and methodology issues applicable for rigorous epidemiological, genetic and clinical studies of putative risk factors for preterm birth remain applicable for studies of maternal psychosocial stress. The importance of a prospective design (to minimize ascertainment bias), appropriate study population (to ensure adequate variability in the distribution of the exposures and outcomes of interest), well-defined and characterized measures of the birth phenotype (accurate dating of pregnancy and ascertainment of whether the birth was preceded by spontaneous labor or membranes rupture, or whether it was induced or followed elective c-section), comprehensive assessment of psychosocial stress and related constructs, and measurement of covariates and potential confounding variables, is emphasized.
The importance of accurate dating of pregnancy using last menstrual period (LMP) in combination with early ultrasound and standardization across studies remains a critical issue. 23 Another related issue pertains to the use of the conventional <37 completed weeks gestation cutoff for defining preterm birth. Recognizing this cutoff is somewhat arbitrary. Some recent studies have reported that the effects of length of gestation on infant morbidity and mortality risk extend continuously across the normal range of pregnancy duration, instead of merely being a function of preterm birth. 24, 25 Thus, in order to assess potential effects across the entire distribution instead of at only one tail of the distribution, the value of including measures of gestational length along a continuum (quantitative trait) in addition to the conventional, clinical categorical classification is emphasized.
The majority of human studies of the effects of prenatal stress necessarily employ a correlational design. The caveat that correlation cannot establish causality is well recognized. Obviously, it is not ethically possible to randomly assign humans to high stress exposure, and studies of interventions to lower stress may not provide the same information as those that would induce additional stress. While the use of experimental manipulations in animal models confers many benefits, one of their major limitations, particularly in the area of preterm birth research, is the considerable inter-species variation in physiological processes underlying parturition and in the developmental time line (discussed in greater length below). Thus, the use of well-designed prospective studies in representative populations with serial, longitudinal assessments to determine the nature and strength of the association of naturally-occurring variation in stress with subsequent birth outcomes after measuring and statistically adjusting for effects of other established sociodemographic, behavioral and environmental risk factors can go a long way to provide the best possible evidence that either supports or refutes an underlying causal model (see, e.g., the considerations about association and causation first articulated by Bradford Hill in his seminal 1965 paper 26 , and elaborated subsequently by others [27] [28] [29] ).
Finally, the importance of good clinical phenotyping of preterm births is emphasized. Preterm birth is a heterogeneous entity in terms of the extent to which the birth is preterm (mild, moderate, or severe), as well as in terms of the precipitating events (induced or elective preterm birth, or spontaneous preterm birth following either preterm labor or preterm rupture of membranes). It is, therefore, important to recognize and examine the possibility that the contribution of maternal stress may vary between these different categories of preterm birth. For example, maternal stress would be hypothesized to have its largest marginal (main) effects on near-term spontaneous births, followed by near-term indicated births. In contrast, an important conditional (moderator) effect of maternal stress (e.g., interaction with intrauterine infection) would be hypothesized for earlier (moderate to severe) preterm births.
Characterization and assessment of maternal stress
A question that frequently comes up with respect to the putative effects of maternal stress on preterm birth risk concerns the elucidation of the aspects or domains of maternal stress that may be particularly salient. Although there is no universally accepted definition of psychosocial stress, it is clear that stress is not a unidimensional construct, but rather "a person-environment interaction," in which there is a perceived discrepancy between environmental demands and the individual's psychological, social or biological resources. 30 This transactional view of the stress construct calls for the identification of stressful stimuli, subjects' appraisal of these stimuli, and their emotional responses. As described in a recent review, 4 most human studies of prenatal stress have used measures of major life event stress (e.g. death of a family member), catastrophic community-wide disasters (e.g. earthquakes, acts of terrorism), chronic stress, daily hassles, perceived stress, symptoms of depression or general anxiety, and pregnancy-specific anxiety. Although it is difficult to draw firm conclusions, it appears from this and other reviews that stressors such as major negative life events and catastrophes confer greater risk for preterm birth than less severe chronic stressful exposures and depressive symptoms (see, e.g. [31] [32] [33] ). Moreover, measures of stress that focus on pregnancy-related concerns (pregnancy-specific anxiety) seem to be stronger predictors of preterm birth risk than measures of general anxiety. [34] [35] [36] [37] [38] Our review of pregnancy-specific psychosocial measures 36, 37, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] suggests the major constructs that encompass pregnancy-specific stress relate to (a) affect about being pregnant (positive and negative), (b) pregnancy-specific concerns or anxiety about the health of the unborn baby, labor and delivery, and body size/image, (c) pregnancy-specific support (emotional, enacted), (d) pregnancy-related symptoms, and (e) attitudes towards the current pregnancy (intendedness, wantedness).
The distinction between various components or dimensions of psychological stress as discrete entities may be somewhat arbitrary. Different components of psychological stress are not randomly distributed; they tend to co-occur with one another. An acute circumstance such as a stressful life event (e.g., death of a family member) produces chronic psychological distress that could vary considerably across individuals in the nature, intensity and duration of its psychological and physiological consequences. Moreover, in some instances, acute psychological stressors may represent the culmination of a preceding period of increased and chronic psychological distress (e.g., if the death of the family member followed a period of long hospitalization). Chronic stress may, in part, reflect external events, and may, in part, reflect more persistent psychological attributes of the individual that are minimally related to external events (see discussion by DiPietro and colleagues 50 ).
A substantial body of previous research has identified certain key dimensions of psychological stress that may be particularly salient in terms of their potential for producing unfavorable psychological and physiological consequences, especially the dimensions of predictability and controllability (see, e.g., the classical studies by Weiss, 51, 52 reviewed by Sapolsky 53 and Koolhaas and colleagues 54 ). In addition to these dimensions we suggest there may be yet another dimension of stressful experience that warrants further consideration -the dimension of lability, or variability, or changeability, over time. In considering the cumulative effects of psychological stress, we hypothesize that the number and magnitude of psychological "ups" and "downs" experienced by the individual over the given time period of interest will produce an impact on the likelihood of stress-related health outcomes that is either independent of, or interacts with, the overall mean level of stress over that particular time period. This concept is akin to that of the negative consequences of poor glycemic control, such that among a group of individuals with the same average level of hyperglycemia, those individuals whose blood sugar levels fluctuate a great deal around the mean (number and magnitude of highs and lows) are at greater risk for hyperglycemiarelated complications than those who maintain a more consistent or stable level of hyperglycemia. We note that the common approach to assessment of psychological stress using self-report retrospective recall measures does not lend itself well to the assessment of the dimensions of predictability or lability of stress over time.
Other psychological factors that may influence the relationship between maternal stress and preterm birth include maternal psychopathology (e.g. development of posttraumatic stress disorder after a severe stressor), 55 personality traits, social support, and coping processes. Moreover, stress may not entirely be an individual-level phenomenon, but may also be linked to the individual's social-structural context (e.g., experience of racism, 56, 57 neighborhood characteristics [58] [59] [60] ). Thus, the construct of prenatal psychosocial stress and the social-structural context within which stress is experienced by the individual are areas that clearly need further refinement in our effort to better understand the role of prenatal stress in preterm birth.
Another issue that sometimes comes up from broad and over-generalized assertions that "stress is bad for you and your baby" is the concern that we may inadvertently be contributing to yet another reason for increasing anxiety and worry among pregnant women -the worry about being worried! We believe this is a reasonable and justifiable concern and caution against over-interpretation or over-generalization of findings in this area of research. We do note that although some studies have reported a protective or beneficial effect of mild of moderate stress during pregnancy on certain child neurodevelopmental outcomes (see, e.g. 50, 61 --which, parenthetically, is consistent with the expectation of a fetal adaptation to accelerate development in the context of unfavorable circumstances), to the best of our knowledge there are no studies to date that have found a protective or beneficial effect of maternal stress on the risk of adverse birth outcomes such as preterm birth.
We submit that two key limitations to current approaches for the characterization and assessment of maternal stress in pregnancy relate to the a) problem of retrospective recall measures, and b) the lack of attention to the issue of psychobiological stress reactivity, discussed below.
3.2.1
The problem of retrospective recall measures-With the exception of studies of exposure to natural disasters, wars, or acts of terrorism, human studies to date in the stress and pregnancy outcomes area (including studies that employ a prospective design) have relied almost exclusively on self-report, retrospective-recall measures of stress. Respondents are typically asked to rate, on average, how stressed or depressed or anxious they have felt over the past week or month or since the beginning of their pregnancy. These traditional, self-report recall measures are prone to numerous systematic biases that undermine their validity. These measures rely on autobiographical memory (i.e., in time and place), as opposed to semantic memory (i.e., independent of time and place), and they rely on the respondents' ability to first integrate and then summarize states and events across the reporting period. Autobiographical memory requires the use of certain heuristic strategies for recall or reconstruction that introduce not only random error but also systematic biases (see, e.g. 62, 63 ) . A key example of a biasing cognitive heuristic is the "availability heuristic" -more salient events that are easily "available" in memory, are given greater weight. Furthermore, emotional states and arousal at the time of encoding and recall can bias past memories. Also, the recency effect bias refers to better recall of more recent experience. In addition, most psychosocial and behavioral measures involve global assessment of events and/or states over time. Self-reports of global assessments, as opposed to reports of specificevent recall, are known to be particularly susceptible to all these biases, because they involve not only recall but also integration and summarization of these states and events across the reporting period. Thus, because of all these biases associated with the use of retrospective recall measures of psychosocial stress and related constructs in the context of this area of research, it is difficult to establish whether the modest effect sizes observed in the literature are a function of "true" weak or small effects of prenatal stress on birth outcomes, or of deficiency in measurement procedures.
3.2.2
Psychobiological stress responsivity-It is well-established that the likelihood of occurrence of a stress-related adverse health outcome is a function of not only the amount of actual or perceived stress exposure over time, but also of that individual's biological propensity to respond to stress. The concept of biological stress reactivity refers to characteristics of the biological response (e.g., magnitude, duration) to a unit of stress exposure. Evoked physiological responses to behavioral challenge provide reliable and valid measures of an individual's propensity for biological perturbation during stress, and such measures have proven useful in other health domains in predicting risk of stress-related outcomes (see, e.g. 64, 65 ). We note that overwhelming majority of studies of prenatal stress and birth outcomes have considered only the prenatal stress exposure or experience side of the equation, but have neglected the issue of individual differences in biological stress reactivity in pregnancy. The principle of measuring response to a controlled stimulus certainly is not new; it is, in fact, widely employed in an array of settings, including the diagnostic laboratory (glucose tolerance test, dexamethasone suppression test), the behavioral medicine laboratory (cold pressor test, social evaluation threat (e.g., Trier Social Stress Test 66 )), and even in clinical obstetrical practice (e.g., pharmacological (glucose), physical (nipple stimulation, sound) or endocrine (oxytocin) challenges). However, only a very small number of studies have used this approach in studies of stress and stress processes in human pregnancy (e.g. 67, 68 and see 69 for a review). Our use of this approach has led to the findings that there is a progressive attenuation of not only maternal biological but also psychological responses to stress over the course of gestation, 67 and that after accounting for the effects of other established risk factors individual differences in the degree (trajectory) of this attenuation is a significant predictor of shortened length of gestation and risk of earlier delivery. 70 Thus, we submit that the use of standardized behavioral or psychological probes, using appropriate and ecologically-valid stimuli, to assess individual differences in the responsivity of stress-related maternal or fetal biological systems at various time points over the course of gestation may prove useful in identifying individuals who may be particularly susceptible to the deleterious effects of stress.
Critical periods of susceptibility
Fetal development is a logarithmic process, with rapid mitosis at early stages and cellular hypertrophy and accumulation of fat, glycogen, and connective tissue later in gestation. It is well-established that there are several sensitive or critical periods in development, and there may be critical periods during pregnancy of altered vulnerability to the effects of prenatal stress. These periods may be related to the times in gestation corresponding to specific developmental events, or to time-specific changes in maternal or fetal physiological responses to stress over the course of gestation. 71, 72 Although this premise of susceptible periods is well-supported in the animal literature, a relatively small number of human studies of prenatal stress have incorporated multiple assessments of stress across gestation and tested hypotheses about time-specific effects.
The state of pregnancy is associated with major alterations in maternal biology, including changes in stress-sensitive endocrine, immune and vascular processes and control mechanisms (feedback loops). Furthermore, evidence suggests that the state of pregnancy is associated with alterations in maternal biological responsivity to a stimulus or stressor.
Evoked physiological responses to pharmacological and physical challenges have been studied in pregnant women, and these studies generally suggest maternal responses are dampened in pregnancy, and particularly in the later stages of gestation. For example, administration of exogenous corticotrophin-releasing hormone (CRH) in late but not mid pregnancy failed to evoke a significant pituitary or adrenal response, 73, 74 and administration of dexamethasone produced less suppression of cortisol production. 75 Similarly, autonomic responses (heart rate, blood pressure) to a variety of challenges, including exercise, orthostatic challenge, and the cold pressure test, are attenuated in pregnancy. [76] [77] [78] Moreover, we have noted that maternal appraisals of psychological stress seem to progressively decrease as pregnancy advances. [79] [80] [81] We recently conducted a longitudinal study of psychological and biological responses to a standardized laboratory stressor at 3 time points in a population of pregnant and non-pregnant women. Our findings suggest that timing of stressor exposure in pregnancy had a significant impact on the magnitude of the autonomic stress response, such that biological stress responses were greater in earlier compared to later gestation. Furthermore, as pregnancy advanced, the cortisol response to awakening progressively decreased, 67 and a larger cortisol awakening response in late pregnancy and reduced attenuation of this response from early to late gestation was significantly associated with shorter gestational length. 70 
Bidirectional relationship between the maternal and fetal compartments:
implications for causality of effects-What drives these changes in maternal responses to stress over gestation and hence potentially alters its effects on the developing fetus and birth outcomes? An implicit assumption regarding the direction of causality is that it is unidirectional in nature, in that potentially unfavorable circumstances in a pregnant women's life that are perceived or appraised by the maternal brain as stressful may then influence maternal physiology, which, in turn, may impact the developing fetus via direct or indirect biological mechanisms. However, the pregnancy-related alterations in maternal physiology are known to originate from the fetal and not maternal compartment (the placenta is an organ of fetal origin). Because these observed variations in maternal physiology (that have consequences for maternal stress responses and fetal susceptibility to maternal stress exposure) originate from, and are sustained by, the developing feto-placental unit over gestation, it gives rise to the intriguing possibility of reciprocal, bi-directional causality. In this scenario, variations in processes that underlie fetal growth, maturation and development result in variations in maternal physiology which, in turn, influence or moderate the effects of maternal stress exposure on the developing fetus, including perhaps, subsequent changes in maternal physiology and fetal susceptibility to maternal stress (see schematic illustration of this concept in Figure 1 ). The object (fetus) of the influence (maternal stress) is the cause of the process that produces the influence (changes in maternal stress responsivity); this process is dynamic, recursive and bi-directional between the fetal and maternal compartment over the course of gestation. 10 
The role of context: potential interaction effects of maternal stress
Preterm birth is a multi-factorial outcome. At the individual level, the major risk categories include sociodemographic, historical, biophysical, obstetric, behavioral, psychosocial, genetic and other environmental factors. Studies of the effects of maternal stress and related psychosocial processes on preterm birth generally treat these other risk factors as potential confounding variables and attempt to account (adjust) for their putative effects by either study design (subject selection criteria) or statistical adjustment. However, emerging concepts of causation for complex common disorders, including but not limited to preterm birth, suggest it is not only possible, but in fact probable, that causation does not reside in any single factor or in the additive effects of numerous factors, but lies at the interface between multiple risk factors (interaction, or multiplicative effect). 82, 83 We consider here, by way of example and illustration of this critically important concept, two conditions that are important in their own right from the standpoint of preterm birth, and for which there is a high plausibility of interaction effects with maternal stress, namely nutrition and infection.
3.4.1 Prenatal stress x nutrition interactions-As discussed briefly in Section 1 above, the two fundamental processes that are believed to shape evolutionary selection and developmental plasticity are variation in energy substrate availability (nutrition) and challenges that have the potential to impact the structural or functional integrity and survival of the organism (stress). Preterm birth may represent a maternal adaptation to limit the energetic costs of a pregnancy in the face of adverse conditions, or a fetal adaptation to an unfavorable intrauterine environment when other facultative measures have been unsuccessful. 11 Maternal nutrition, assessed by indicators of body size such as body-mass index (BMI), nutritional intake or serum measures of nutritional biomarkers, is a wellestablished risk factor for preterm birth. 84, 85 Growing evidence supports the concept of a bidirectional interaction between nutrition and stress, such that the effects of nutrition on health may vary as a function of stress, or that the effects of stress on health may vary as a function of nutritional status. For example, several experimental studies in animals have demonstrated that nutritional manipulations, particularly in the preconception or early pregnancy period, may produce their effects on maternal and fetal outcomes, including preterm birth, via alterations in stress biology (cortisol, inflammatory cytokines). [86] [87] [88] [89] [90] [91] [92] [93] [94] Conversely, studies in animals and humans of stress induction (by exposure to laboratorybased social stressors or endocrine stress analogues) have demonstrated effects on feeding behavior, food choice (high calorie dense food preference) and the metabolic fate of food in target tissues. [95] [96] [97] [98] [99] We note, however, that only a small number of studies have examined the relationship between maternal psychosocial stress and diet or nutritional state in pregnancy, 100, 101 and we are not aware of any studies that have modeled the interaction effects of maternal stress and nutrition on risk of preterm birth.
Prenatal stress x infection interactions-
The effects of intrauterine or systemic infection during pregnancy on preterm birth risk are well-established. 84, 102 It is clear, however, that exposure to microbes alone does not inevitably result in infection, and the presence of infection during pregnancy does not inevitably result in preterm birth. Clearly, there are processes that modulate individual differences in susceptibility to acquiring infection and also to the pathophysiological consequences of infection. Maternal stress is an attractive and plausible candidate for increasing the likelihood of developing infection during pregnancy and for potentiating its pathophysiological consequences. We and others have shown that maternal psychosocial stress is associated with an increased risk for reproductive tract infection during pregnancy. 103, 104 Moreover, biological stress mediators such as corticotrophin-releasing hormone (CRH) may potentiate inflammation in the context of antigen stimulation (infection). 105 The synergistic effects of high psychosocial stress and reproductive tract or intrauterine infection on preterm birth risk have, however, not been examined to date.
STRESS PATHWAYS TO PRETERM BIRTH
The influence of psychosocial factors on health outcomes is mediated either directly via physiological pathways, or indirectly via behavioral pathways, or both. 19, [106] [107] [108] The influence of psychosocial stress in increasing the propensity for engaging in a wide array of unhealthy behaviors, including key behavioral risk factors for preterm birth such as poor diet/nutrition and smoking, is well-established in studies in the general population as well as in pregnant women (see, e.g. 37, 109 ). As discussed above (in Section 3.4), one important issue that has yet to be addressed adequately relates to the possibility of an interaction effect between maternal stress and nutrition, such that the effect of stress on preterm birth risk varies as a function of the nutritional status of the mother, or that the effect of nutritional status on preterm birth risk varies as a function of maternal stress and stress biology during pregnancy.
Biological Pathways to Parturition
Human parturition involves the time-and context-dependent interplay of several systems and signaling molecules within the maternal, placental and fetal tissues. Events leading to parturition start early in pregnancy, occur sequentially, and involve feedback systems. Clinical and experimental evidence broadly support the concept that preterm birth is determined by multiple genetic and environmental factors that reflect the interactions among one or more of several pathophysiological processes, which may ultimately share common biological pathways leading to uterine contractions, cervical changes and rupture of membranes. These pathways include (a) early or excessive activation of the maternalplacental-fetal (MPF) neuroendocrine axis; (b) decidual/chorioamniotic/fetal inflammation caused by ascending genitourinary tract or systemic infection; (c) uteroplacental vascular lesions caused by coagulopathy, hypertension, or abruption/decidual hemorrhage; and (d) pathological distention of the uterus, caused by multiple gestation. 1, 34, [110] [111] [112] [113] We recognize the possibility that these pathways may not represent all potential routes to preterm birth, and we also note that these pathways are unlikely to be mutually-exclusive and distinct, but rather with substantial overlap and interaction between them.
The maternal-placental-fetal (MPF) endocrine, immune and vascular systems in mammalian pregnancy: an overview
Pregnancy produces major alterations in neuroendocrine, immune and vascular function, including changes in hormone and cytokine levels and control mechanisms (feedback loops), that are crucial in providing a favorable environment within the uterus and fetal compartment for growth, differentiation and maturation and conveying signals when the fetus is ready for extrauterine life. Starting very early in gestation the placenta, the first fetal organ to develop and function, produces hormones, neuropeptides, growth factors and cytokines, and appears to function in a manner resembling that of compressed hypothalamicpituitary-target systems. 114 Glucocorticoid physiology (cortisol in humans) has received extensive and well-placed consideration as a critical endocrine mediator of fetal development and birth outcomes, with an emphasis on not only hormone production but also hormone action mediated by tissue-specific glucocorticoid receptor expression, sensitivity and affinity, and by maternal-fetal transfer mediated by the activity of the placental 11β-hydroxysteriod dehydrogenase enzyme system (see 115 for a recent review). Less well recognized is the potential and perhaps equally important role of the peptide corticotrophinreleasing hormone (CRH). In primates, but not other mammals, the placenta synthesizes and releases CRH in large amounts into the fetal and maternal circulations. In contrast to the inhibitory influence on hypothalamic CRH production, cortisol stimulates placental CRH production, 116 and this positive feedback loop results in a progressive amplification of CRH and cortisol production over the course of gestation. 117 With respect to the immune axis, one of the major endeavors of pregnancy-related alterations in immune function is to achieve and maintain the optimal balance between tolerating the fetal semi-allograft while not suppressing maternal immune responses to an extent that increases maternal or fetal susceptibility to infection. Thus, a generalized reduction of maternal immune responsiveness occurs during pregnancy, mediated by hormonal changes (e.g., increased levels of progesterone), trophoblast expression of key immunomodulatory molecules, and a progressive switch from a TH 1 /TH 2 balance to a predominantly T-helper 2-type pattern of cytokines. 118 A recent study of the longitudinal modulation of the cytokine profile across human pregnancy reported an overall decrease in proinflammatory cytokine trajectories in the innate and adaptive arms of the immune system and an increase in counter-regulatory cytokines as pregnancy progresses. 119 Cardiovascular adaptations in pregnancy include anatomic changes, as well as changes in blood volume, cardiac output, and systemic vascular resistance, all of which result in conditions that are normal in pregnancy but would constitute signs of cardiovascular dysfunction in the non-pregnant state. 120 The study of cardiovascular changes associated with pregnancy is of relevance, since related disorders (e.g. hypertension, preeclampsia) are one of the major indicators for elective preterm delivery. 1, 84
Interactions between maternal-placental-fetal neuroendocrine, immune-inflammatory and vascular pathways in pregnancy
Although distinct neuroendocrine, immune/inflammatory and vascular pathways have been described, growing evidence suggests that these and other physiological systems involved in pregnancy are highly inter-related, and that they extensively regulate and counter-regulate one another. The potential complexity of the inter-relationships among these physiologic systems is seen when considering the role of infection in the etiology of adverse fetal developmental and birth outcomes. For example, inflammatory cytokines that are produced in response to infection, such as TNF-α, IL-1β and IL-6, can activate components of the MPF-neuroendocrine system that also increase the risk of premature birth. [121] [122] [123] [124] Conversely, it is also known that HPA hormones such as CRH and cortisol influence the production of cytokines and modulate the inflammatory response to infection. [125] [126] [127] Central CRH, acting via glucocorticoids and catecholamines, inhibits inflammation, whereas CRH directly secreted by peripheral nerves and mast cells stimulates local inflammation. 128 Moreover, it has been postulated that acute and chronic infections may be risk factors for uteroplacental vasculopathies that may be associated with premature birth. 111 Impaired nutrient and oxygen exchange associated with uteroplacental vasculopathy may stress the fetus and result in increased production of placental-fetal hormones such as CRH, while placental CRH, in turn, may influence fetal-placental circulation. 129 Thus, the relationship of a well-defined risk factor, like prenatal infection, to adverse birth outcomes is likely to involve complex interactions between the endocrine, immune and vascular systems.
Stress biology in human pregnancy
Stress biology refers to the set of biological adaptations in response to challenges or demands that threaten or are perceived to have the potential to threaten the stability of the internal milieu of the organism. The nervous, endocrine, immune and vascular systems play a major role in adaptations to stress. There are no direct neural, vascular or other connections between the mother and her developing fetus --all communication between the maternal and fetal compartments is mediated via the placenta, an organ of fetal origin. Based on the physiology of stress, parturition and the evidence linking maternal stress to earlier delivery, we have proposed a biobehavioral framework of stress and adverse birth outcomes. 12 Substantial evidence in non-pregnant humans and animals demonstrates that stress produces activation of the neuroendocrine system, exaggerated inflammatory responses and alterations in vascular hemodynamics, 130, 131 however, these associations cannot be assumed to also be present in the pregnant state because the above-described changes in endocrine, immune and vascular physiology have consequences for attenuating the responsivity of these systems to stress. Our model proposes a major role for placental CRH in mediating the effects of maternal stress because this system is known to not only play an important role in human parturition, but also because it provides a biologicallyplausible link between known environmental risk factors and preterm birth, including in the context of racial/ethnic disparities. For instance, placental production of CRH -a key activator of the hypothalamic-pituitary-adrenal (HPA) axis -has been proposed as an early event that regulates the subsequent cascade of fetal, placental and maternal physiological processes involved in human parturition; 112, 132 variations in markers of maternal-placentalfetal neuroendocrine activity, such as placental CRH and estriol concentrations in early to mid gestation, significantly predict subsequent differences in the timing of onset of parturition and risk of preterm birth; 133 large racial/ethnic differences have been observed in both the production of MPF hormones and the magnitude of their effect on risk of preterm birth; 134, 135 significant racial/ethnic differences have been reported in relative allele frequencies in various regions of the CRH gene; 136 Maternal-placental-fetal neuroendocrine activity is altered by obstetric risk conditions and also exposure to environments that reflect adverse social and behavioral conditions; 137, 138 and the effects of the infection/ inflammation and uteroplacental vasculopathy may be modulated, in part, by the activity of placental CRH and other elements of the maternal-placental-fetal neuroendocrine pathway. 17, 132, 139 4.3.1 Prenatal psychosocial stress and maternal-placental-fetal endocrine function-Placental CRH, the key mediator of stress-related maternal-placental-fetal endocrine function in primates, is stress-sensitive. A series of in vitro studies by Petraglia and colleagues [140] [141] [142] have shown that CRH is released from cultured human placental cells in a dose-response manner in response to all the major biological effectors of stress, including cortisol, inflammatory cytokines, and hypoxia. Other in vivo studies have found significant correlations among maternal pituitary-adrenal stress hormones (ACTH, cortisol) and placental CRH levels. [143] [144] [145] Moreover, maternal psychosocial stress is significantly correlated with maternal pituitary-adrenal hormone levels, (ACTH, cortisol [146] [147] [148] [149] ) that are known to stimulate placental CRH secretion. Some, 137, 138, 150 but not all studies, 151, 152 also have reported direct associations between maternal psychosocial stress and placental CRH function. In one recent study an association between placental CRH and preterm birth was found only in women with high chronic stress. 153 A recent report suggests that a maternal stress signal, elevated cortisol early in pregnancy, is associated with a significant and precocious rise in placental CRH later in pregnancy, and that this effect is associated with risk for preterm delivery. 154 Thus, substantial in vitro and in vivo evidence indicates that the placenta detects and responds to a variety of maternal physiological and psychological stress signals in a manner consistent with promoting earlier parturition. We note that one of the challenges in human pregnancy research is the identification of biomarkers that reflect long-term or cumulative stress exposure. In this context, measures of cortisol in hair samples seem to be a promising candidate biomarker --two recent studies have reported significant associations between measures of maternal psychosocial stress in pregnancy and hair cortisol levels. 34, 155 
Prenatal psychosocial stress and immune function-Studies have reported
that elevated psychosocial stress in pregnant women is associated with higher circulating levels of inflammatory markers like C-reactive protein (CRP) and the pro-inflammatory cytokines IL-1b, IL-6 and TNF-α, with lower circulating levels of the anti-inflammatory cytokine IL-10 and ex vivo endotoxin (LPS)-stimulated levels of IL-1b and IL-6. [156] [157] [158] [159] Another recent study of pro-inflammatory responses to an in vivo antigen challenge (influenza virus vaccination) in pregnant women reported an association between depressive symptoms and sensitization of the inflammatory cytokine responses. 157 Some studies also have reported associations between maternal psychosocial stress and reproductive tract infection (bacterial vaginosis) -a risk factor for preterm birth -in pregnancy. 103, 104 4.3.3 Prenatal psychosocial stress and vascular function-Vascular disorders in pregnancy such pregnancy-induced hypertension and preeclampsia are the major indications for elective preterm delivery. Findings suggest that maternal psychosocial stress is significantly associated with increased risk of hypertensive disorders in pregnancy. [160] [161] [162] [163] [164] [165] In one study, blood pressure responses to a laboratory-based psychosocial stressor in pregnant women predicted the length of gestation and infant birth weight, 166 however, this effect was not apparent when blood pressure responses were assessed in non-pregnant state and related to birth outcomes in subsequent pregnancies. 152 Reduced aortic blood flow velocity and elevated uteroplacental doppler flow velocity waveform indices have been associated with adverse birth outcomes and impaired neonatal status. 68 A few studies have reported that among pregnant women, high anxiety is associated with reduced uterine, 167 fetal and umbilical blood flow and pulsatility patterns indicative of fetal hypoxia and compensatory redistribution of blood flow to the fetal brain. 168, 169 Placental CRH seems to play an important role in the context of cardiovascular physiology in pregnancy. Several studies have reported an association between CRH and hypertensive disorders. [170] [171] [172] Furthermore, elevated levels of CRH have been shown to correlate significantly with abnormal uteroplacental flow wave forms. 173, 174 Although not conclusive, the reported data support the notion of stress-related vascular pathophysiology contributing to preterm birth.
4.3.4
Multivariable pathway models linking maternal psychosocial stress, biological function and preterm birth-Although the evidence discussed above provides biological plausibility for the concept that psychosocial stress may contribute to preterm birth risk via its effects on several stress-sensitive biological processes implicated in parturition, tests of pathway (meditational) models to demonstrate these linkages have generally been unsuccessful. There are many possible reasons for this difficulty in generating findings to support these hypothesized linkages, including weaknesses in the conceptualization and operationalization of psychosocial stress (discussed in Section 3.2 above), or of the biological processes of interest (single time point biomarkers, biomarkers in systemic circulation as a proxy for local (tissue-specific) biology, biomarkers assessed at basal state as a proxy for biological responses to challenge, etc.), or of the study design (use of cross-sectional assessments to depict biological processes that are characterized by progressive alterations over time/course of gestation). These issues not withstanding, we submit that another major limitation may relate to the over-simplistic manner in which these processes are believed to operate. Consider, for example, a conceptual model frequently evoked in the stress and preterm birth literature, in which variation in maternal psychosocial stress in pregnancy is hypothesized to correlate with variation in maternal cortisol in pregnancy, which, in turn is hypothesized to correlate with variation in gestational age at birth. We know of no instance in biology where there is a simple, one-to-one correspondence between a specific psychological and specific biological state. In the example considered here, cortisol production in vivo is influenced by not only the psychological state of the individual but concurrently by a host of other conditions such as variations in the nutritional milieu, physical activity, infection/inflammation, hypoxia, sleep, chronobiological state, and, in the case of pregnancy, additionally by the stage of gestation. Moreover, the effects of psychological stress on cortisol production likely vary as a consequence of these other conditions (i.e., an interaction, or conditional, or effectmodification model). Second, we know of no instance in biology when perturbation within a particular biological system remains constrained within that system. Regardless of the nature of the initiating stressor (psychological, nutritional, infectious, etc), once a perturbation is produced within the endocrine system, this perturbation will inevitably produce secondary perturbations in the brain, immune, vascular and other endocrine-related systems. The nature and magnitude of these secondary perturbations will then, through negative or positive feedback loops, alter the nature, magnitude and time-course of the initial stress-initiated perturbation (in this case, of the endocrine system). Thus, the effect of stress-related endocrine function on the outcome of interest (preterm birth) will vary as a function of the state of the immune and vascular systems and their feedback effects on the endocrine system (again, an interactional, or conditional, or effect modification model). Therefore, conceptualizations of simple one-to-one correspondence between variation in psychological and biological systems and health outcomes that do not measure and account for the effects of and interactions with other important states or contexts on a particular biological system, or of the impact of secondary perturbations in other closely-linked biological systems on the primary biological system of interest, would be hard pressed to demonstrate evidence to support a pathway or meditational model. It will require the adoption and implementation of a systems biology approach to uncover the complex web of interrelationships and pathways inherent in in vivo human models of complex multi-factorial disorders such as preterm birth (see Figure 2 ).
4.3.5
Applicability of animal models for research on prenatal stress and preterm birth-While the use of experimental manipulations using animal models confers many benefits, one of their limitations, particularly in the area of preterm birth research, is the considerable inter-species variation that exists in physiological processes underlying parturition and in the developmental time line. We consider here, for example, the comparative endocrinology of mammalian pregnancy. One of the major challenges in elucidating the endocrinology of human parturition arises from the existence of large interspecies differences in the endocrinology of pregnancy, even among closely-related mammals. In most mammals, the shift over the course of gestation in the balance from a progesterone-dominant to an estrogen-dominant milieu to promote labor is effected by the direct conversion of progesterone to estrogen in the placenta via a mechanism regulated by the fetal hypothalamic-pituitary-adrenal (HPA) axis. Maturation of the fetal HPA axis results in rising concentrations of fetal cortisol, which, in turn, induces placental expression of the enzyme 17α-hydroxylase (P450 cytochrome system) required for the conversion of progesterone to estrogen. However, unlike most other mammals, primates cannot convert progesterone to estrogen because they lack the placental enzyme 17α-hydroxylase required for this purpose. Instead, the primate placenta utilizes another precursor hormonedehydroepiandrosterone sulfate (DHEA-S) produced by the fetal adrenal zone -to synthesize estrogen (estriol (E3); reviewed in [175] [176] [177] . A second major difference in the endocrinology of pregnancy is that primates are the only mammals that produce the neuropeptide corticotrophin-releasing hormone (CRH) in the placenta. 178, 179 However, even among primates, there are large differences in the pattern of production, activity and regulation of placental CRH between New and Old World monkeys and humans. In particular, the baboon exhibits a mid-gestational peak in secretion. 180 Studies in other primates also indicate differences in production of the CRH binding protein (CRH-BP 179 ). Great apes (chimpanzees and gorillas) are the only primates where patterns of placental CRH production in pregnancy are similar to those seen in humans, with a clear exponential increase over the entire course of gestation. 177 
GENETIC AND EPIGENETIC CONSIDERATIONS
The ascertainment of genetic contributors to preterm birth is an area of active and intense investigation. Studies in humans of familial aggregation suggest a heritable component for preterm birth. It is clear that the major component of this heritability is polygenic (as opposed to classical Mendelian origin). 1 Studies using a candidate gene approach have yielded limited success; they have been difficult to replicate and have explained only a small proportion of the phenotypic variation in preterm birth. Larger studies based on genome wide associations or admixture mapping are currently in progress. These studies, coupled with the elucidation of maternal-fetal gene-gene (epistasis) and gene-environment interactions, will be required for a better understanding of this complex problem (for recent reviews and commentaries see 1, [181] [182] [183] [184] [185] [186] [187] ).
With respect to the issue of the contribution of maternal stress to preterm birth, it is very likely that genetic and epigenetic variations will be determined to play an important role in moderating the association between prenatal stress and preterm birth risk via maternal-fetal gene-gene and gene-environment interactions at multiple levels, originating with the likelihood of encountering stressful life circumstances, and culminating in modifying the effects of stress-related biological processes on parturition-related target tissues (see Figure  3) . For example, women who are carriers of certain genotypes (high risk alleles in dopamine-related genes) may be more likely to place themselves in stressful life circumstances. [188] [189] [190] The psychological appraisal of potentially stressful circumstances may be influenced directly by the maternal genotypic variation (e.g., in the serotonin transporter gene 191 ) or indirectly by the fetal genotype (via its effect on alterations in maternal physiology that, in turn, influence maternal psychological appraisals). Next, the ensuing effects of maternal stressful experience on maternal and fetal biology may be moderated by the genetic and epigenetic characteristics of the mother and fetus (e.g., variants in the glucocorticoid receptor gene 192 ), respectively. Finally, the effects of stressrelated physiological alterations on target maternal and fetal tissues implicated in parturition may be further influenced by the genetic and epigenetic makeup of the mother and fetus, respectively.
To date, only a small number of studies have systematically addressed the issue of a genetic predisposition for susceptibility to psychosocial stress and related psychobiological states. For example, we and others have described that certain poylmorphisms in the promotor region of the gene encoding the glucocorticoid receptor are associated with changes in the regulation of the hypothalamus-pituitary-adrenal (HPA) axis at different levels including basal level, feedback regulation, and response following a psychosocial stressor (summarized in 192 ). Because several genes that code for proteins involved in the regulation of the stress response also are involved in the physiology of pregnancy and parturition (e.g., CRH, cortisol, IL-6, etc.), individual differences in genetic variation may be another factor underlying susceptibility in terms of the potentially adverse effects of maternal stress on pregnancy outcomes. The participation of placental CRH as a central molecule in regulating various aspects of pregnancy, fetal development and birth outcomes has been discussed in the preceding sections. Thus, DNA sequence variations in the CRH gene, the CRH receptor genes, the glucocorticoid receptor gene, and other genes encoding key enzymes and binding proteins in their biosynthetic pathways may have important implications in this context. Genetic and epigenetic mechanisms have been proposed to explain the observed racial/ ethnic disparities in preterm birth, particularly with respect to the hypothesized contribution of prenatal stress. As discussed earlier, the observed racial/ethnic disparity in preterm birth is commonly assumed to reflect the burden of adverse societal conditions associated with minority racial/ethnic status in the U.S. Prenatal stress is a plausible mediator of the effects of race/ethnicity on preterm birth via one or both of two possibilities: greater cumulative exposure to stress, and greater vulnerability to the effects of stress (arising from differences in psychobiological responses to stress). The characterization of racial/ethnic differences in DNA sequence or epigenetic variation in genes associated with the stress response will prove particularly informative in this regard. For instance, we and others have previously reported significant racial/ethnic differences in stress-related hormonal states in human pregnancy. 17, 135 These racial/ethnic differences in neuroendocrine function in pregnancy may, in turn, reflect one or more of three possibilities: First, that particular genetic variations associated with pathophysiology are more frequent in specific racial/ethnic populations. Second, that there are no differences in the frequency of particular genetic variations across population subgroups, however, they are phenotypically expressed only under certain environmental conditions or exposures associated with particular racial/ethnic populations (e.g., high psychosocial stress, reproductive tract infection, social or cultural behavioral practices). And third, that there are no differences in the frequency of particular genetic variations across population subgroups, however, specific gene regions are preferentially expressed or silenced by epigenetic modifications that occurred during sensitive or critical periods of the mother's own development under environmental conditions associated with particular racial/ethnic populations (e.g., intrauterine exposure to high stress or infection 193 ). One of our on-going projects is in the process of evaluating these possibilities by determining whether the population structure and functional significance of maternal-fetal genetic variation and gene-environment interactions vary as a function of race/ethnicity.
EMERGING CONCEPTS AND ADVANCES: ECOLOGICAL MOMENTARY ASSESSMENT (EMA) OF STRESS AND BIOBEHAVIORAL PROCESSES IN HUMAN PREGNANCY
In the preceding sections we have discussed some key issues regarding limitations of traditional approaches in the assessment of maternal psychosocial stress and related constructs, characterization of psychobiological stress responses in pregnancy, and evaluation of context-specific effects in the link between prenatal stress, stress-related biological processes and preterm birth. We propose here that recent technological and methodological advances now afford the opportunity to address many of these issues and limitations through the application of the ecological momentary assessment (EMA) approach to the study of maternal stress and stress biology in human pregnancy. EMA methods emphasize the longitudinal, repeated collection of information about respondents' momentary, or current, state, affect, experience, behavior and biology in real time. 194 These methods serve to minimize biases inherent in retrospective recall approaches because immediate reports of a respondent's current state or activity do not require retrieval from memory and other processing and are accordingly far less subject to distortions and biases. In addition to obtaining more accurate summary estimates over time, this methodology allows for the computation of indices of other potentially important dimensions such as variability (lability), context-specificity, and dynamic measures of temporal linkages between psychosocial states and biological processes. EMA methods provide greater ecological validity than laboratory-based measures because they are collected in naturalistic settings as respondents go about their normal, day-to-day activities. While individual differences in reactivity to a controlled stimulus in a laboratory setting seem to be relatively stable cross tasks and time, associations between reactivity in the laboratory and in naturalistic settings have generally been only moderate 195, 196 because laboratory measures are not obtained at comparable conditions of behavior state and activity in natural, everyday settings. 197 Because aggregation and assessment at multiple time points increases the range of stimuli sampled and reduces measurement error, EMA results are more reliable, and variations in values across settings and situations can be assessed. 63, [198] [199] [200] [201] EMA techniques also require that assessments be timed to ensure they span a wide range of times and locations, therefore tapping at the respondent's full repertoire of states and behaviors. Last, repeated observations of states and responses not only allow the assessment of withinsubjects variation (to reliably compute measures of variability or lability of psychological and physiological states over time), but also measure how a target variable covaries with situational antecedents. 62 We suggest that EMA approaches can be used to compute measures of biological stress reactivity that reflect the degree of biological perturbation produced by a unit change in psychological stress (using a within-subject specific criterion), after accounting for the effects of other important influences on biology, including time of day, diet, physical activity, and sleep. We note, for example, that some of our recent findings suggest that ecological momentary assessment (EMA)-derived measures of maternal psychosocial stress are better predictors cortisol in pregnancy that traditional measures, and that EMA-derived measures of cortisol during pregnancy are better predictors of birth outcomes (length of gestation) than cortisol assessed in the clinical setting. 70, 202 For these reasons we suggest that the use of EMA-based measures of real-time, ambulatory, repeated sampling of psychological, behavioral and biological states during pregnancy holds promise to address critical questions and gain new, more precise information about the magnitude and context-specificity of the effects of maternal psychosocial stress and biological stress reactivity on pregnancy and birth outcomes.
A LIFE-COURSE PERSPECTIVE
We submit it may be important to adopt a life-course perspective in considering the issue of the contribution of maternal stress to preterm birth. The life-course perspective conceptualizes reproductive and birth outcomes as the product of not only the nine months of pregnancy, but of the entire life course of the mother from her own conception onward (or even before her own conception), and leading up to the index pregnancy. 203, 204 The suggestion that maternal health prior to pregnancy may have important bearing on pregnancy outcomes is not new, 205 but a growing body of evidence is beginning to shed light on the mechanisms by which life-course factors, including stress, might influence birth outcomes such as preterm birth. Two broad mechanisms have been postulated: early programming, and cumulative pathways.
The early programming model suggests that a stimulus or insult (e.g. stress), operating at a critical or sensitive period, can result in a permanent or long-term change in the structure or function of the organism that becomes manifest in health and disease risk in later life. [206] [207] [208] For example, animal as well as human studies have shown that exposure to maternal stress during pregnancy and in early childhood can program the stress reactivity of her offspring, and that this effect persists well into adulthood. [209] [210] [211] This process may be mediated by epigenetic alterations in the glucocorticoid receptor gene in the developing brain. 212, 213 Exposure to stress hormones during sensitive periods of immune maturation in early life may also influence immune programming, leading to altered immune responses in later life. 214 In a series of recent reports on a population of young adults exposed specifically during intrauterine life to high maternal psychosocial stress, we found that prenatal stress exposure was associated with significant dysregulation of metabolic, immune, endocrine and cognitive function consistent with increased risk for obesity, insulin resistance and diabetes, allergy and atopic disorders, and dementia. [215] [216] [217] [218] Animal studies support the plausibility that such alterations may be transmitted across generations by non-genomic mechanisms. 219 Thus, hypothetically, preterm birth may result from not only maternal stress, but stress of the grandmother during her pregnancy which may program the mother's endocrine and immune stress responses in utero; programmed stress hyper-reactivity could put the mother at greater risk for preterm delivery when she herself becomes pregnant. 203 The cumulative pathways model suggests that throughout the life-course exposures and insults gradually accumulate through episodes of illness or injury, adverse environmental conditions and risky behaviors, leading to declines in health and function over time. 220 Such risk accumulation creates wear and tear, or "allostatic load", on the body's regulatory processes that are central to the maintenance of allostasis. 221 Allostatic load refers to the cumulative physiological toll resulting from chronic over-or under-activity of allostatic systems. This may result from overexposure to stress hormones, as often occurs in chronic and repeated stress. Over-exposure to glucocorticoids can adversely impact an individual's central nervous system, immune system and metabolism. For example, studies have found that animals and humans subjected to chronic and repeated stress exhibit elevated basal cortisol levels and dysregulated hypothalamic-pituitary-adrenal (HPA) response to natural or experimental stressors. 222, 223 This HPA dysregulation may reflect the loss of feedback inhibition via down-regulation of glucocorticoid receptors in the brain. 222 Similarly, chronically elevated levels of cortisol may also lead to not only relative immune suppression, but also immune-inflammatory dysregulation due to the loss of counterregulation by the HPA axis. 224 Thus, HPA and immune-inflammatory dysregulation are two of several possible pathways by which cumulative stress over the life-course may lead to increased vulnerability to preterm birth as a consequence of stress or infection in pregnancy.
The life-course perspective suggests that vulnerability to preterm birth may be traced to not only stress exposure during pregnancy, but also to host stress responses (e.g. psychobiological autonomic, endocrine and immune/inflammatory stress reactivity) that has been patterned by early programming and cumulative pathways mechanisms over the lifecourse. Some evidence supports these concepts of the developmental origins of preterm birth, or of the link between allostatic load and preterm birth. Among pregnant women, a history of exposure to early life trauma or abuse has been associated with not only an increased risk of preterm birth 225 but also with a higher likelihood of depression, 226 reproductive tract infection, 227 altered cortisol activity, 228 and engaging in preterm birthrelated risky behaviors. 229 A recent report provides evidence of a three-way interaction in African-American women between lifetime experience of racism, depressive symptoms, and stress in pregnancy on preterm birth risk. 230 In another study, non-pregnant women with previous history of infection-related preterm birth have been shown to exhibit higher antigen-stimulated proinflammatory cytokine (TNF) levels; however this study was unable to determine whether the pro-inflammatory trait preceded or followed the occurrence of a preterm birth. 231 Thus, the life-course perspective suggests a need to expand the time horizon for preterm birth research, to assess precursors (including stress) at points more distant temporally than has been examined in most previous research, and to understand not only disease pathways but also pre-disease pathways, defined as the "early and long-term biological, behavioral, psychological and social precursors to disease". 232 The life-course perspective also suggests the need for a new prevention paradigm in preterm birth, one that emphasizes not only risk reduction during pregnancy, but also health promotion and optimization of women's health before conception and over the life course. Accordingly, studies are currently underway to test the effects of preconceptional health interventions on pregnancy and birth outcomes (see, e.g. [233] [234] [235] ).
The life course perspective also offers another way to look at the issue of racial/ethnic disparities in preterm birth. As discussed earlier, the cause of these persisting racial disparities remains largely unexplained. Most extant studies have focused on differential exposures to risk and protective factors during pregnancy, such as genetic or socioeconomic differences, maternal behaviors, prenatal care utilization, psychosocial stress, and perinatal infections. These factors during pregnancy, however, may not adequately account for the racial gap in PTB. 22 Disparities in birth outcomes (including preterm birth) may represent the consequences of not only differential exposures during pregnancy, but more important differential cumulation of protective and risk factors over the life course. 203 The life-course perspective offers an explanatory model for how chronic stressors, such as lifelong experience of racism, "get under the skin" to affect the physiology of the pregnant mother and developmental biology of the child from conception onward. 236 It provides the biological basis for the "weathering hypothesis"-that the effects of social inequality on the health of populations may compound with age, leading to growing gaps in health status through young and middle adulthood that can go on to affect fetal health. 237 
SUMMARY AND CONCLUSION
The question of the contribution of maternal stress to preterm birth is a challenging issue. Concepts in evolutionary biology and developmental plasticity support a rationale for considering a role for maternal stress in preterm birth. Evidence from population-based epidemiological and clinical studies suggests that after accounting for the effects of other established socio-demographic, obstetric and behavioral risk factors, women reporting higher levels of psychological stress during pregnancy are at significantly increased risk of preterm birth. However, at the individual level, the specificity and sensitivity of maternal stress as a predictor of preterm birth risk is, at best, modest. In order to translate populationlevel findings to public health and clinical practice applications it is critical to identify which subgroups of women, in what circumstances, and at which stage(s) of gestation, may be particularly susceptible to the potentially detrimental effects of high prenatal stress. This will require progress on three major fronts. First, the limitations in current approaches to characterize and assess maternal stress need to be addressed, including the problems inherent in retrospective recall measures of stress and the failure to consider the role of individual differences in maternal psychobiological stress responsivity. Second, the possibility needs to be addressed that the effects of maternal stress, for the most part, may be conditional or context-dependent. We suggest that maternal nutrition and infection are candidate processes of considerable interest in this context. Third, it is critical to arrive at a better understanding of the biological pathways by which maternal stress may impact human parturition. We suggest that maternal-placental-fetal neuroendocrine, immune/inflammatory and vascular processes are attractive candidate pathways because they are responsive to stress and they participate in the physiology of parturition. Multivariable conditional models will be required to elucidate the context-dependent effects of maternal stress during pregnancy on these candidate biological systems and on their interactive effects on parturition. Studies of stress-related genetic and epigenetic processes that incorporate the maternal as well as fetal genomes and consider gene-gene (epistasis)and gene-environment interactions are emphasized.
We contend that recent technological and methodological advances now afford the opportunity to address many of these limitations through the adoption of the ecological momentary assessment (EMA) approach to the study of maternal stress and stress biology in human pregnancy. EMA methods emphasize the longitudinal, repeated collection of information about momentary or current states, affects, experiences, behaviors and biology in real time and in naturalistic settings. Finally, we espouse a life-course perspective that conceptualizes reproductive and birth outcomes as the product of not only circumstances and events during gestation but over the entire life course of the mother beginning at the time of her own conception (or before) and leading up to the index pregnancy.
We end by noting that large, national multi-center studies are currently underway of the association of genetic and environmental determinants in early development with maternal and child health outcomes including, but not limited to, preterm birth (e.g., the U.S. National Children's Study 238 and the NICHD Study of Preterm Birth in Nulliparous Women (nuMoM2b study)). We expect that findings from these studies will go a long way in informing our efforts to arrive at a better understanding of the contribution of maternal stress to preterm birth. External conditions during pregnancy that are appraised by the maternal brain as stressful may result in stress-related alterations in maternal physiology that, in turn, may influence fetal development and birth outcomes. However, the state of pregnancy itself produces progressive changes in maternal physiology that have been shown to alter maternal peripheral (physiological) responses to a variety of physical, psychological and pharmacological challenges, and also maternal central (psychological) responses to a social stressor. These pregnancy-related changes in maternal physiology (that alter maternal psychological and physiological responses to exogenous stressors) originate from the fetalplacental compartment. Hence, the fetus, the object of maternal stress-related physiological perturbations, also is the initiator of alterations in maternal physiology that progressively dampen maternal responses to exogenous (and likely endogenous) challenges -a case of reciprocal determinism.
FIGURE 2. CONTRIBUTION OF MATERNAL STRESS AND STRESS BIOLOGY TO PRETERM BIRTH: A MATTER OF CONTEXT
The is no one-to-one correspondence between psychosocial stress and a stress-sensitive biology; the nature, magnitude and duration of the effects of maternal psychosocial stress during pregnancy on any given stress-sensitive biological system are likely altered by the context of other conditions/stressors such as those related to nutrition, infection and hypoxia. Similarly, the nature, magnitude and duration of the effects of a given stress-sensitive biological system in pregnancy on maternal and fetal target systems involved in parturition are likely altered by the secondary perturbations in other closely-related biological systems and their feedback effects on the primary biological system under consideration.
FIGURE 3. MATERNAL-FETAL GENE-ENVIRONMENT INTERACTIONS IN HUMAN PARTURITION
Combinations of genes (epistasis), rather than single genes or single gene variants, likely produce effects on complex health and disease risk outcomes. For birth outcomes such as preterm birth, combinations of genes of the mother as well as the fetus need to be considered (maternal-fetal genetic interactions). The effects of certain maternal-fetal genetic combinations may vary as a function of environmental context (e.g., maternal stress level; gene-environment interactions).
